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FOREWORD

An exploratory experimental and theoretical investigation of gaseous nuclear
rocket technology is being conducted by the United Aircraft Corporation Research
Laboratories under Contract NASw-84T with the joint AEC-NASA Space Nuclear
Propulsion Office. The Technical Supervisor of the Contract for NASA is Captain
C. B. Franklin (USAF). Results of the investigation of the characteristics of a
coaxial-flow reactor conducted during the period between September 15, 1966 and
April 15, 1968, and results of investigations of the characteristics of transparent
materials conducted between September 15, 1967 and April 15, 1968, are described
in the following two reports (including the present report) which comprise the
required seventh Interim Summary Technical Report under the Contract:

1. Johnson, B. V.: Experimental Study of Multi-Component Coaxial-Flow Jets in
Short Chambers. United Aircraft Research ILaboratories Report G-9lOO9l-l6,
April 1968. (present report)

2. Gagosz, R. M. and J. Waters: Optical Absorption and Fluorescence in Fused

Silica During TRIGA Pulse Irradiation. United Aircraft Research Iaboratories
Report G-910485-3, April 1968. (NASA CR-1191)
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Experimental Study of Multi-Component Coaxial-Flow

Jets in Short Chambers

SUMMARY

Fluid mechanics experiments were performed to obtain information applicable to
an open-cycle, coaxial-flow, gaseous nuclear rocket engine. 1In this engine concept,
gaseous nuclear fuel and a surrounding stream of seeded hydrogen propellant pass
coaxially through a reactor chamber. The flow was simulated in the present experi-
ments by multi-component, constant-temperature, coaxial-flow jets in short chambers.
The flow was studied using flow visualization techniques and concentration measure-
nents.

A1l tests were performed in 10-in.-dia chambers having lengths (from inlet plane
to exhaust nozzle throat) between 7.5 and 12.5 in. The following flow and geometric
variables were investigated: (1) an intermediate-velocity buffer stream between the
high-velocity outer-stream (simulated propellant) and the low-velocity inner jet
(simulated fuel), (2) the ratio of average outer-stream and buffer-stream velocity
to inner-jet velocity, (3) the absolute inlet velocities of the outer stream, buffer
stream and inner jet, (4) the ratioc of inner-jet gas density to outer-stream and
buffer-stream gas density, (5) the ratios of buffer-gas density to outer-stream gas
density and to inmer-jet gas density, (6) the ratios of inner-jet inlet radius and
buffer-stream inlet radius to chamber radius, (7) the ratio of chamber length to
diameter, and (8) the ratio of exhaust nozzle throat diameter to chamber diameter.
Air was used as the outer-stream gas; air and Freon-1ll wvere used as buffer-stream
gases; and air, Freon-l1ll and FC-77 were used as inner-jet gases. The tests were
conducted at Reynolds numbers up to those expected for a full-scale engine.

The results indicate that the containment of inner-jet gas is strongly affected
by the occurrence of recirculation or reverse flow in the inner-jet region. For a
high ratio of average outer-stream and buffer-stream inlet velocity to inner-jet
inlet velocity, the flow recirculates behind the inner jet like flow behind a bluff
body, and the containment is poor. For flow conditions with moderate values of this



velocity ratio (on the order of 20), a reduced level of turbulent mixing occurs
between the outer stream, buffer stream and inner jet, and the inner~jet core extends
to the exhaust nozzle; under these conditions, the amount of imner=-jet gas contalined
approached the amount that would be contained in a cylinder of radius equal to the
inner-jet inlet radius and length equal to the chamber length.



RESULTS

As a standard for comparisons, the following geometry and inlet flow conditions
were selected: ratio of inner-jet inlet radius to chamber radius, n/f% = 0.5;
buffer-stream inlet radius ratio, 5/ Yo = 0.65; chamber length-to-diameter ratio,
Ly/ D = 1.0; ratio of exhaust nozzle throat diameter to chamber diameter, DN/ D = 0.6;
average buffer-stream and outer-stream inlet velocity, Vaag = 80 ft/ sec; outer-
stream inlet velocity, Vg, = 97 ft/sec; buffer-stream inlet velocity, Vg = 33 ft/sec
(Vg/ Vgpo= O-U4); innmer-jet inlet velocity, V; =4 ft/sec (Vgpg/ Vp = 20); inner-jet
gas, Freon-1ll; and buffer-stream and outer-stream gas, air (p1 / Pano = k.7). For
this standard flow condition, the ratio of average inner-jet gas partial pressure to
total pressure in the chamber, I31 / P, was approximately 0.20. Unless specified
otherwise, all comparisons referred to in the following results are with respect to
this standard flow condition.

1. For 'rI/ ro = 0.5, the average inner-jet gas partial pressure ratio, f’I/ P,
wvas greatest for Vu/ Vgag = 0.4; it decreased at higher and lower values of Vg/ Vaso
For rn/v= 0.7, PI / P was independent of VB/ VBAO. No concentration measurements
were made for rp / fo = 0.6; however, flow visualization tests indicated the effect
of Vg/Vgpo on the contaimment characteristics was decreased from that obtained for
/Yty = 0.5 and greater than for f;/ vy, = 0.7.

2. Increasing the inner-jet inlet velocity, V; , increased 131/P slightly.
Decreasing V; decreased ﬁl / P approximately proportiomal to 1 /(Vgrg/ Vi)-

3. ISI / P was independent of the absolute velocity VBAO .
L, P/ P increased with increasing inner-jet gas density.
I
5. When the ratios of volume flow rates Q. ./ Q. were the same, P, / P with
AIR I 21

Freon-11 as the buffer-stream gas and air as the outer-stream gas was equal to or
less than F’I / P with air as the buffer-stream and outer-stream gases.

6. 'SI / P was decreased when recirculation or reverse flow of the inner=jet
gas occured. For the standard flow condition, a small region of recirculation
occurred immediately upstream of the exhaust nozzle.

1. The maximum velocity ratio ,VBAO/ Vi for which recirculation could be pre-
vented by the proper choice of buffer-stream inlet velocity was dependent upon inner-
jet gas density. For a given geometric configuration, the maximum momentum flux
ratio Vgao Ppao / V12 p; for which recirculation could be prevented was approximately
the same for all three inner-jet gases tested.



8. The maximum velocity ratio Vppy/ Vy for which recirculation could be pre-
vented by the proper choice of buffer-stream velocity decreased as the chamber
length-to-diameter ratio was increased from LN/ D=0.75 to 1.25.

9. Decreasing the exhaust nozzle throet diameter ratio, Dy / D, from 0.6 to
0.2 decreased isl / P for flow conditions where recirculatlon occurred in the chamber.



INTRODUCTION

An analytical and experimental investigation of gaseous nuclear rocket tech-
nology is being conducted by the United Aircraft Research Iaboratories under Con-
tract NASw-847 administered by the joint AEC-NASA Space Nuclear Propulsion Office.
The research performed under this contract is applicable to both open-cycle and
closed-cycle engines. The open-cycle engine concepts which have been investigated
include a vortex-stabilized reactor (described in Ref. 1) and a coaxial-flow reactor
proposed by the NASA Iewis Research Center (the subject of the present investigation;
see Ref. 2 for details of the concept). The closed-cycle engine concept currently
under investigation at UARL is the vortex-stabilized nuclear light bulb (Ref. 1).
All three engines are based on the transfer of energy in the reactor chamber by
thermal radiation from gaseous nuclear fuel to seeded hydrogen propellant. These
engines are theoretically capable of providing specific impulses in the range from
1500 to 3000 sec.

In the coaxial-flow engine concept, the nuclear fuel and the propellant would
be injected at one end of the reactor chamber and would flow axially to the nozzle
(Fig. 1). Additional propellant would probably be added along the peripheral walls
and in the exhaust nozzle. The fluid mechanics requirements for this concept, and
for all other open-cycle concepts, are (1) that a large fraction of the reactor
chamber volume be filled with the gaseous nuclear fuel, and (2) that the ratio of
the propellant weight flow rate to the gaseous-nuclear-fuel weight flow rate be
large.

The goal of the current gaseous-core nuclear rocket research programs is to
investigate the feasibility of each proposed concept. This is being done by studying
the various component processes separately (fluid mechanics, heat transfer, nuclear
criticality, materials, etc.). The present study of confined coaxial-flow jets will
provide information which may be used to determine the feasibility of meeting the
fluid mechanics requirements of the coaxial-flow engine concept.

Background Information

The use of coaxial-flow jets for containment of gaseous nuclear fuel was pro-
posed by Ragsdale and Weinstein (Ref. 3) and was further developed in Refs. 2 and 4.
Experimental studies (Refs. 5 through 10) and analytical studies (Refs. 11 through
17) were performed to formulate a suitable model for the coaxial-flow jet which can
be used in feasibility studies of the full-scale engine. Thus far, the experiments
have been performed in chambers where the axial pressure gradients are negligible
and the inner-jet inlet area is & small fraction of the total chamber cross-section



area. Since the gaseous nuclear rocket engine requires a large volume fraction of
nuclear fuel in the chamber, 1.e., 15 to 40 percent, the inner-jet inlet area must
be an appreciable fraction of the chanmber cross-section area, or else another suite
able technique must be developed to obtaln & large volume fraction.

In a confined coexial-flow system, where the inlet Jet velocities are not equal,
mixing will occur with one stream accelerated and the other decelerated. If this
mixing occurs in a constant aree duct, a momentum pressure balance on the flow shows
that a pressure rise will occur with increasing distance downstreeam of the inlet.

At present, the effect of a nonuniform exial pressure distribution on the coexial-
flow Jet has not been determined anelytically or experimentally. ;

Previous analytical and experimentel studies have shown that the inlet flow
conditions affect the containment characteristics of the coexial-flow jJet. Increaes-
ing the inner-jet inlet velocity for a constant outer-stream velocity increased the
emount of imner-jet gas in the region behind the inner-jet inlet for the experiments
reported in Refs. 5 and 8. Increasing the retio of inner-jet gas density to outer-
stream gas density also increased the concentration of inner-jet gas downstream of
the inlet plane for identical inlet velocity ratios (Ref. 8).

Analysis of a three-stream coaxial-flow Jet (Ref. 13) indicated that the average
concentration of inner=jet gas could be increased, for the same ratio of outer=-
stream flow rate to inner-jet flow rate, by the use of a "buffer'" between the outer
stream and inner Jjet. The buffer conslsted of outer-stream gas with a velocity
greater than the inner-jet gas. To maintain the same flow rate ratlo, the outer-
stream velocity was increased to compensate for the slower buffer stream. The
effect of a buffer layer on the inner-jet gas containment characteristics had not
been determined experimentally until the present study.

ObJjectives of This Study

There were three primary obJectives in the present study. The first was to
determine the containment characteristics of confined, isothermal, coaxial-flow Jjets
in short chambers with geometriles and flow conditions which simulate the proposed
full-scale engine. The second objectlve was to present these results in a formaet
suitable for use in englne performance studlies. The third objective was to inves-
tigate a large range of possible geometries and flow conditions to determine which
of the ldeas proposed in previous analytical studies and experiments for lncreasing
the containment characteristics of Jets would apply to confined coaxial-flow Jets.



DESCRIPTION OF TEST EQUIPMENT AND PROCEDURES

Coaxial-Flow Test Apparatus, Flow System, and Inlet Flow Conditions

Test Apparatus

A schematic of the coaxial-flow test apparatus is shown in Fig. 2. The chamber
inside diameter was 10 in. for all tests in this program. Gas was injected into the
chamber through a woven wire screen (0.028-in.-dia wire, 16 mesh, 31 percent nominal
open area) at the chamber injection plane. The inlet manifold was divided into three
areas. The inner-jet extended from the center to radius o the buffer-stream
anmulus extended from r; to rg , and the outer-stream annulus extended from rg to
fo - FPhotographs of the inlet manifold are shown in Fig. 3 and a summary of the inlet
manifold geometric configurations tested is presented in Table I. The flow was
exhausted from the chamber through a nozzle at the lower end of the chamber (Fig. 2).
The distance from the inlet plane to the exhaust nozzle throat, Ly » was adjusted
using a spacer. The diameters of the exhaust nozzles, DN, and the chamber lengths,
Ly » used in the tests are also tabulated in Table I.

Photographs of the lucite chamber with an inlet manifold and exhaust nozzle
used for the flow visualization tests and the steel chamber used for the gas concen-
tration measurement tests are shown in Figs. Ya and 4b, respectively. The details
of the flow visualization optical system and the light absorptometer will be dis-
cussed in a following section.

Flow System

A photograph of the coaxial-flow test facility is shown in Fig. 5. To supply
the desired combinations of inner-jet, buffer-stream and outer-stream gases and
inlet gas velocities to the inlet manifold, a combination of gas generators, heaters
and compressors were used. For air flow rates in the outer-stream and the buffer-
stream up to 2 lb/sec, air was drawn into the chamber using the Research ILaboratories'
vacuum system. For air flow rates between 2 and 4 lb/sec, air was obtained from the
Research Laboratories' LOO psi supply. In both cases, the air flow rate was measured
with a nozzle not shown in the photograph. In most tests, the outer-stream and
buffer-stream air was heated to approximately 260 deg F using the "light-gas" supply
system described ir Ref. 18. The inner-jet gases used were air, Freon-11 and FC-77.
The air was obtained from the 400 psi air supply and heated to 260 deg F in a con-
ventional tube-and-~shell heat exchanger. The Freon-11 was vaporized in the shell
side of a tube-and-shell heat exchanger and superheated in the air superheater. The
air and Freon-11 flow rates were measured with the variable-area flow meters shown
in Fig. 5. The FC-T77 was vaporized and metered with the "heavy-gas" supply system



described in Ref. 18. For tests with Freon-1ll as the buffer-stream gas, the Freon-1l
wee vaporized and superheated in the same manner as the Freon-ll inner=-jet gas, and
was metered with the buffer-stream variable-area flow meters shown in Fig. 5. The
densities of air, Freon-ll and FC-T77 at the operating conditions of 260 deg F and
10.8 psia are 0.041, 0.191 and 0.568 lb/ft3, respectively. The dynamic viscosities
for air and Freon-1l at these conditions are 1.54 x 10-5 and 0.985 x 10-5 1b/ft-sec,
respectively. The dynamic viscosity of FC-T77 has not been determined thus far;
therefore, the dynamic viscosity of air was used for FC-77 in calculations.

Inlet Flow Conditions

The original design for the inlet manifold incorporated a 1/16-in. hexagonal
honeycomb, a fine screen, and two layers of porous plates in all the plenums. Howe
ever, the fraction of open area of the honeycomb and the fine screen varied, due to
manufacturing technique and dirt from the air. When initial measurements were made
at a distance z = 2 3/8 in. downstream of the inlet plane it was found that the
velocity varied by approximately 20 percent. Because of these nonuniformities in
the velocity distribution, the inlet manifold was modified by removing the honeycomb,
fine screen and porous plates upstream of the inlet plane and by replacing them with
the woven wire screen. A porous plate with approximately 25 percent open area was
installed in the inner-jet manifold to increase the pressure drop in that duct system.

Flow visualization tests and measurements of the total pressure distribution
downstream of the inlet plane indicated that the flow through the modified inlet
manifold had no major asymmetries. For these tests, the inner-jet, buffer-stream
and outer-stream velocities, based on the nominal inlet dimensions, were 6.7, 70
and 66 ft/sec, respectively. Total pressure distributions were measured in planes
at z = 3/8 in. and 2 3/8 in., and local velocity distributions were calculated using
the local total pressure and the peripheral wall static pressure as the local static
pressure (Fig. 6). The velocity distribution at z = 2 3/8 in. (Fig. 6b) was obtained
from total pressure measurements made at twenty-one different radial stations at
each of twelve different azimuthal stations. Eight of these azlimuthal stations were
midway between the eight struts of the inlet manifold ( 6 = 22.5, 67.5 deg, etec.),
two azimuthal stations were directly under the struts ( 8 = O and 180 deg), and
two azimuthal stations were 11 1/4 deg from the struts ( @ = 11.2 and 191.2 deg).
The calculated velocities varied in a random manner across the measurement plane.

At z = 3/8 in., the veloclty varied up to 35 percent from the average velocity
along the radius on which the measurements were made (Fig. 6a). However, at z =
2 3/8 in., the velocity varied by only 6 to 7 percent from the average, indicating
that the local disturbances caused by the screen at the inlet plane were nearly
dissipated.



The conclusion derived from these measurements was that the flow distribution
was sufficiently uniform to proceed with the containment tests.

Optical Equipment

Flow Visualization

A schematic of the optical system used for flow visualization photography is
shown in Fig. 7. Light was supplied by quartz-iodine lamps and diffused with
frosted glass or opal glass to provide a uniform background illumination. Iodine was
used for coloring the inner-jet gas for all of the flow visualization tests. TFor
black and white photography, a Kodak Wratten Filter No. 58 was used to obtain maximum
contrast in the photographs. For color photography, no filter was used.

Chordal Absorptometer

The theory of the chordal absorptometer is given in Refs. 19 and 20. An out-
line of the theory adapted from Ref. 21 is presented in the APPENDIX for reference.
A schematic of the chordal light absorption system used in this study is shown in
Fig. 8 and a photograph of the chordal absorptometer is shown in Fig. 9. Seventy-
two fiber optics (thirty-six from each of two units) were connected to the chamber,
twelve at each of six axial locations. Eleven of the light carriers were used to
transmit light from the lamp to the chamber and one was used to transmit light from
the chamber to a photomultiplier. As shown in Fig. 9, light from a tungsten-ribbon
lamp was collimated and passed through a chopper wheel located in front of the
fiber optic holder. The light passed through the chopper wheel and struck only one
fiber optic at a time. There was a short time between illumination of successive
fiber optics in which no light entered the chamber. Light was transmitted through
the fiber optics to the chamber wall where a lens and adjustment mechanism (see
Detail "A" in Fig. 8) was used to focus the transmitted light. The light traversed
chords of the chamber which were oriented such that light emanating from each of
the eleven fiber optics at one axial location struck the receiver fiber optic. The
perpendicular distances from the chords to the chamber centerline were O, 0.5, 1.0,
1.5, 2.0, 2.5, 2.83, 3.16, 3.5, 4.0 and 4.5 in. Light was transmitted through the
receiving fiber optic, through an interference filter (bandwidth 50& and peak trans-
mission at 5250&) and into a photomultiplier tube. An absorption coefficient
calibration was required for each light path because the geometric arrangement caused
the incidence angle of light from each chord into the receiver fiber optic to be dif-
ferent. The transmitted angle of light from a fiber optic is a function of the
incidence angle. The incidence angle of the light through the interference filter
affects the wave length passed by the filter. This is important since the iodine
absorption coefficient varies with wave length near the wave length of the filter.



A calibration was obtained with the chordal absorptometer in place using the inlet
absorptometer (described in Ref. 21) for the inner-jet gas as a reference.

During tests, the light intensities on the receiver fiber optic fluctuated due
to concentration fluctuations of the flowing gases. Therefore, eleven photomultiplier
output readings were averaged to determine the I and I, values at each chordal
station. Data were obtalned at the axial locations shown in Fig. 1.

The local concentration of inner-jet gas in the chamber was determined from the
ratio of the local iodine density to the inner-jet inlet iodine density. The inner-
Jet gas and the iodine were assumed to be fully mixed at the inlet and in the chamber.
The jodine density in the inner-jet gas at the inlet and in the chamber were calcu-
lated using Egs. (A-1) and (A-11) of the APPENDIX.

Parameters used to Define Containment Characteristics

Local and average ratios of inner-jet gas partial pressure to total pressure in
the chamber were used to describe the containment characteristics of the coaxial-
flow jets. The ratio of local partial pressure of the inner-jet gas to total pres-
sure, 51/ P, is equal to the ratio of the local iodine concentration in the chamber
to the iodine concentration in the inlet duct. Calculation of this ratio from the
absorptometer measurements was discussed in the previous paragraph. The ratio of
the area-average of inner-jet gas partial pressure to the total pressure, P;/FD, was
calculated at each axial station, z , from the following equation:

’5‘,2—2 (g)"'d' (1)

o
[e)

The ratio of the average partial pressure of inner-jet gas to the total pressure was
calculated for each test from the following equation:

LC o
. 2 R | c %*
- 3 F cr - dr -dz2 = —|:_ —P— az (2)
Lc s A A

o |0

O
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where Le is the length of the chamber from the chamber inlet plane to the intersec=~
tion of the nozzle cone with the chamber wall (Fig. 1). A straight-line relation-
ship was assumed in most tests for the variation of P;)/P between axial measuring
stations.

A containment parameter N Vas used in Refs. 12 through 1% to describe the

average amount of inner-jet gas contained in a given volume of a coaxial-flow jet.
The parameter was calculated by the equation

L (.
2 A
Me © 2 (F)-r-dr-a’z (3)
L ﬁ
o Y%

For a volume with length L = LC , the containment parameter T may be calculated
from 'ISI / P by the equation

e G 5;‘ (E> ()

In the figures for the section entitled DISCUSSION OF RESULTS OF CONTAINMENT TESTS,
the value of |31/l3 for which e =1 with L = Lc is identified by the note, "average
partial pressure of cylinder of inner-jet gas having volume 7rrf Le "

The nondimensional parameters used to describe a given test condition have not
been defined previously for all of the flow and geometrical conditions employed in
this study. However, for all tests, an inner-jet Reynolds number may be defined by
the equation

Rey = 2vinp /i = Zwl/'rrrllu_ (5)

Data were obtained in the tests described herein for a range of inner-jet Reynolds
numbers from approximately 2000 for tests with air to 125,000 for tests with Freon-1l
as the inner-jet gas.

11



GENERAL DISCUSSION OF FLOW IN COAXTAL-FLOW JETS

Flow Patterns

The flow patterns for confined, one-component coaxial-flow jets vary as the
ratio of the average buffer-stream and outer-stream inlet velocity to the inner-jet
inlet velocity, Vgpo/Vr » ibcreases from 1.0 to a large number (Fig. 10). For
Veao / Vg ®1.0, the flow is mixed by the turbulence downstream of the inlet. As
Vgao/Vr 18 increased, turbulent mixing due to shear between the inner and outer
streams occurs as shown in Fig. 10c. For Vgao/Vr approaching infinity ( v; = 0),
the flow is similar to that behind a bluff body and has recirculation cells {some-
times denoted counter flow or reverse flow) extending to the inner-jet inlet plane.
For high values of the velocity ratio Vgpg/Vr , & flow pattern similar to that behind
a bluff body is expected (Fig. 10a). 1In the tests performed during this study, the
flow patterns shown in Figs. 10a and 1Oc were limiting cases. For intermediate inlet
velocity ratios, the flow pattern shown in Fig. 10b occurred. As Veao/Vr vas
increased sufficiently, & small recirculation cell formed upstream of the exhaust
nozzle. Further increase of Vg,o/V; increased the length of the recirculation cell
until the limiting condition shown in Fig. 1l0a was reached. When recirculation
occurred locally in a region of the chamber, the concentration of inmer-jet gas in
that region was considerably lower than in the regions where recirculation did not
occur. Flow conditions for onset of recirculation will be discussed for each geo-
metric configuration and combination of gases used.

Pressure Distributions

Static pressure measurements along the chamber wall and centerline were obtained
in tests with air as the inner, buffer and outer gas. The effects of velocity ratio
Vgao/Vr on the axial distributions of wall and centerline pressures are shown in
Fig. 11. The subtitles in this and succeeding figures indicate the parameters varied
(vr in Fig. 11) and held constant (Vg , Vo and Vgpq in Fig. 11). The geometric
configuration for a set of tests is given as the inner-jet inlet radius ratio, r; /ry ,
the chamber length-to-diameter ratio, th/D , and the exhaust nozzle throat diameter
ratio, Dy/D . Detailed information about each geometric configuration may be obtained
from Table I. The inner-jet, buffer-stream and outer-stream gases and the constant
inlet velocities for each set of tests are also given on each figure. Table II
presents a summary of the geometric configurations and flow conditions for all tests
and jindicates the figures on which the results appear.

In Fig. 11, the wall pressure distribution was essentially independent of inner-
jet velocity. Other tests indicated the wall static pressure was increased above
that shown when the outer-stream velocity was increased and the buffer-stream velocity

12



decreased to maintain Vgpg constant. The centerline pressure distribution for

Vaao/ Vr= 4.8 decreased continuously with increasing z . For Vano/Vr =99
20.1 and 40, the centerline static pressure increased and then decreased with
increasing 2z . The centerline pressure decrease for z> 7.5 in. is due to converg-

ing of the flow leaving the chamber through the exhaust nozzle. Note that the pres-
sure rise for Vgpo/Vr = 9.5 was approximately 0.3 l'b/ft2 while the increase for
Veao/ Vi = 20.1 and 40 was approximately 0.8 1b/ft2. For air having a density of
0.05 lb/ft3, the velocities required to provide the equivalent dynamic heads of 0.3
and 0.8 lb/f_‘t2 are 19.6 and 32 ft/sec, respectively.

The pressure difference between the wall and centerline static pressure was
approximately 1.0 lb/ft2. Calculations were made to estimate the streamline cur-
vature that might be associated with this pressure difference. For outer-stream
inlet velocities Vg = 100 ft/sec, the average radius of curvature of the stream
over a two-inch distance necessary to produce that pressure difference is approxi-
mately 2.5 ft. At z = 6 in., the pressure difference was approximately 5 lb/ftg,
requiring the average radius of curvature at that axial location be approximately
0.5 ft.

Large-Scale Fluctuations and Vortex Rings

Two sets of high-speed motion picture frames showing fluctuations in the flow
are presented in Fig. 12. The average buffer-stream and outer-stream velocity, Vgao »
and the inner-jet velocity, Vi , were held constant while the buffer-stream velocity,
Vg, and the outer~-stream velocity, Vo , were varied. The set of motion-picture
frames for VB/VBAO = 0.89 shows a large annular vortex ring forming near the inlet
manifold ( t = 0.000 sec). The disturbance moves downward in the chamber with time
and increases in size. The vortex ring is difficult to see in the photographs but
observations of many motion-picture sequences confirm this trend. For VB/VBAO =
0.45, the vortex rings are smaller, but are still present. One undesirable feature
of the vortex rings was that inner-jet gas was entrained into the higher-velocity
region, thus decreasing the average concentration of inner-jet gas in the chamber.

Photographs of oscilloscope traces (Fig. 13) show the time variations of light
transmitted through the chamber for a flow similar to that shown in PFig. 12b. The
oscilloscope trace shown in Fig. 13a was for a chord with minimum radius ratio r/rg=
0.566 at z = 3.75 in. This radius ratio is slightly larger than the inner-jet inlet
radius, rI/rO = 0.5. The light transmitted through the chord fluctuates with and
without iodine in the inner-jet gas. The fluctuations in In (I /Iy ) for this chord
are large; I/I0 ~0.8and AI = 0.2 Iy - The fluctuations inlg occur because
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Freon-l1ll haes a different index of refraction than air. The light transmitted with
iodine in the chamber through the chord having ry /ry = 0.566 (Fig. 13a) fluctuated
more than that transmitted through the chord having rj / ro = 0.4 (Fig. 13b). However,
the fluctuation of I, was approximately the same for both chords.
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DISCUSSION OF RESULTS OF CONTAINMENT TESTS

In this section, the major effects on containment of changes in the inlet
velocity ratios, absolute velocity levels, inlet gas density ratios, and geometric
configurations will be discussed. In order to present the effects of the changes
most effectively, a standard flow condition and geometric configuration was chosen
which had inner-jet gas containment characteristics between those shown in Figs.
10b and 10c. For the standard condition, the inner-jet gas was Freon-1ll and the
buffer-stream and outer-stream gas was air; thus, the inner-jet gas density ratio
was 0O / Pgag = l.7. The imner-jet, buffer-stream and outer-stream inlet gas
velocities were VI = L, Vg = 33, and V5 = 97 ft/sec; the average buffer-stream
and outer-stream velocity was Vg,g = 80 ft/sec. Hence, Vgag / V| = 20 and Vg/Vgao =
0.41. The inlet manifold had an inner-jet inlet radius ratio r;/ ry = 0.5 and a
buffer-stream radius ratio rg/rg= 0.65. The chamber length-to-diameter ratio was
Ly /0 =1.0 and the exhaust nozzle diameter ratio was Dy/D = 0.6. Because of the
interest in large inner-jet inlet area configurations, the major effects of inlet
flow condition changes will also be shown for an inlet radius ratio r;/ ry= 0.7.

Additional information about the geometrical configurations, indicated in the
subtitle of each figure by r / ry,, Ly / 0 and Dy/D,may be obtained from Table I.
A sumary of the flow conditions investigated is presented in Table II; the figure
numbers where the effects of the inlet flow condition and geometric variables may
be found are also included.

Effects of Inlet Velocity Ratios and Inner-Jet Inlet Radius

Effects of Vg/ Vgag for ry/ rg = 0.5

Photographs, local inner-jet gas concentration data and average inner-jet ges
concentration data showing the effects on containment of changes in the velocity
ratio Vg/ Vgpo are shown in Figs. 14 through 17. The maximum amount of inner-jet
gas contained in the chamber, as indicated by the photographs, appears to occur for
Vg/ Vgao = 0.42 (Fig. 1b) which was the standard flow condition. Recirculation
occurred immediately upstream of the exhaust nozzle. The photographs show that
changes in the buffer velocity had a strong effect on the size of the recirculation
cell; for Vg/ Vgpo = O and 1.0k, the recirculation cell or reverse flow region
extended to the inlet manifold plane.

The radial distribution of the ratio of inner-jet gas partial pressure to total
pressure, P, / P , is shown in Fig. 15 for Vg/Vgao = 0.99, 0.60, 0.41 and 0.21. The
concentration profiles confirm the trend shown by the photographs (Fig. 1k). For
Ve / Vgap = 0.99, the concentration profiles are cusped (highest concentration at
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r/ fo= 0.4) at z = 0.75 and 2.25 in., indicating a strong recirculation zone which
extended to the inlet plane. This case is similar to the one shown in Fig. 10a., For
VB/ Veno = 0.60, the concentration profile for z = 0.75 in. and r/ry < 0.4 indicates
levels slightly greater than 1.0 which is not possible and reflects the accuracy of
the data reduction procedure. For Vg/ Vgag = O.41, the distribution of P/ P
indicates that a larger amount of inner-jet gas was in the chamber than in the two
previous cases. For Vg/Vgag = 0.21, the local inner-jet gas partial pressure ratio
is less than 1.0 for all radius ratios; however, the cusp shown for Vg/ Vgao = 0.99
(Fig. 15a) does not appear, indicating & more general mixing occurred rather than a
strong recirculation cell. Although all the local R/ P ratios shown are estimated

to be within 10 to 15 percent of thelr true values, the amount of inmner~jet gas in

the chamber determined by integration of these profiles is closer to the actual amount
because the maximum errors built up in the data reduction procedure occur at inside radii
where the density-aree integral is small (Fig. 15a). The average densities calculated
have any errors at the center compensated by smaller opposite errors at larger radii.

The axial distribution of area-averaged partial pressure ratlo, / P, for n/ T =
0.5 is shown in Fig. 16. % / P 1is the ratio of the average 1nner-jet gas partial
pressure to the total pressure at each cross-section of the chamber (see Eq. (1)).
For Vg/ Vgag = O.41, the value of ﬁ*/ P is above 0.25, the value at the inlet plane,
at three axial stations. This local increase may be due to the adverse pressure
gradient that tends to decrease the inlet veloclty and to cause recirculation. 1In
Fig. 14, the photograph for Vg/ Vgag = 0.42 shows the inner-jet gas flaring out
slightly behind the inlet.

The ratio of the average partial pressure of inner-jet gas to the total pressure
in the chamber, P /P , is shown in Fig. 17 for the four flow conditions shown in
Figs. 15 and 16. P / Pis the integral of P*/ P from z=0 to z= Le s where Le is
the distance Z where the exhaust nozzle cone would intersect the chamber wall (Fig. 2).
The results show that there is a peak value of B / P = 0.21 at Vg/ Vgao = 0.41. At
lower or higher wvelocity ratios % / P is lower; 1t decreases 1o approximately 0.10
at Vg/ Vgao = 0.21 and 1.0. The value of R /P for a cylinder of inmer-jet gas
having a radius r; and length L. is also shown in Fig. 17. Thus, the largest
value of P / P obtained in this series of tests is about 85 percent of the value for
the cylinder of inner-jet gas of volume W'ﬁ Le -

Effects of Vg/Vgpg TOor 1/ rg = 0.7

Photographs showing the effects of the velocity ratio Vg/Vgagon the containment
of inner-jet gas for r/ fq= 0.7 are presented in Fig. 18. For these tests, changes
in the velocity ratio Vg/ Vgag do not appear to affect the containment. For a radius
ratio of r/ rp = 0.6, flow visualization studies showed that the effect of Vg/ Vgpg
was less than that for rj/ ry = 0.5, but still occurred. No concentration measure-
ments were made for r/ r, = 0.6.
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The inner-jet gas distributions for Vg/Vg,, = 0.65 and 0.28 are shown in Fig. 19.
For both of these cases some recirculation or mixing between the outer-stream and
buffer-stream and the inner jet occurred close to the inlet. The effect of Vg /Vaao
on Pp /P is shown in Pig. 20; there was no effect of VB/VBAO on the containment
characteristics for this inlet configuration, r; /rg = 0.7. Note that the maximum
average partial pressure ratio is about 50 percent of the value for a cylinder of
inner-jet gas having the volume mrr Lg , compared with about 85 percent for
r{ /ro = 0.5.

Effects of Vgpg/Vp

Photographs showing the effects of VBAO/VI on the containment of inner-jet gas
are shown in Fig. 21. For this set of flow conditions, V; was varied while V5 , Vg
and Vgpo were held constant. For Vgao/ V1 = 11, no recirculation occurred. However,
the size and strength of the recirculation cell increased with increasing VBAO/VI
so that for VBAO/VI= 50 and 90, the chamber does not appear to contain any inner-jet
gas. For this set of photographs, as well as for the previous sets, the iodine con-
centration in the inner-jet gas at the inlet was the same for all flow conditions.
The effect of VBAO/VI on F’I/P is shown in Fig. 22 for VBAO/VI= 10, 20, 36, and 52.
For Vgao/Vr = 10 (Fig. 22a), P /P 1is approximately 1.0 at r = O for all axial
stations. Data from Fig. 15¢ for VBAO/VI = 20 is shown again in Fig. 22b for
comparison. For Vgpg /VI = 36 and 52 (Figs. 22c and 22d4), a cusp appears at r /rg =
0.4. This type of distribution would be expected on the basis of the inner-jet recir-
culation regions shown in Fig. 21. The axial distribution of area-averaged partial
pressure ratio is shown in Fig. 23. For Vg,,/Vr = 10 and 20, P; /P rises above 0.25
from Z = O to about 4 in. For Vg,5/Vy = 36 and 52, the area-averaged partial pres-
sure distribution shows the effect of the recirculation cells.

2

The effect of velocity ratio Vgao/Vp on Pr/P is shown in Fig. 24. These data
were obtained from the previous figure for Vg/Vgag = O.4t and from other tests at
different values of Vg /Vgyo . The maximum values of R /P for each velocity ratio
Vaao /VI were selected from Fig. 24 and replotted in Fig. 25 to show the variation
of the ratio of maximum average partial pressure of inner-jet gas to total pressure
(_F;—_-L /P)MAX with VBAO/VI . Note that for velocity ratios above 20 where recircula-
tion occurs, the variation of (EI/P)MAX with Vgag/ Vi is approximately proportional
to (Vano /Vr)"' . Data obtained from tests with ry/ry, = 0.7 are shown on the same
plot for comparison. Note that for the same velocity ratio, Vgyo/Vr > (PI /P)MAX
is always greater for rI/rO = 0.7 than it is for rI/ro =0.5
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Effects of Absolute Velocity lLevels at Inlet

The effect of the absolute level of velocitles Vgag and Vi on 'FTI_ /P for
fixed ratios of Vgao/Vr &8nd Vg /Vgao is shown in Fig. 26. For all four sets of
velocity levels, the variation of FI /P with Vg / Vpao bas the same shape and approx-
imately the same values. The maximum value of F‘i /P , obtained in all cases at
Vg /Vgao ® 0.4, decreases very slightly with increasing ratio of Vg,o/Vy but does
not vary with velocity level, considering the wide variations in Veao and Vy. The
outer-stream and buffer-stream Reynolds number for these four cases varied from
Regag = 36,000 for Vgpo = 35 ft/sec to Reg,, = 276,000 for Vgag = 205 ft/sec.
These Reynolds numbers include those presently estimated to be required for a full-
scale rocket engine.

The effect of absolute values of Vgpo 2nd Vi on the maximum values of P /P
obtained from tests with rI/ o =0.5and 0.7 are shown on Fig. 27. The date for
rt /ro = 0.5 (Fig. 27a) show excellent agreement between the tests at different
absolute velocities. For rI/ro = 0.7, the agreement between tests at 80 f’c/sec
and 35 to 40 ft/sec is good for VBAO/VI = 20 and is within 20 percent for Vga,/Vr=
36. The conclusion is that no discernible effects of absolute velocity level on
the average containment characteristics of the coaxial-flow jets occurred for the
Reynolds numbers of these tests.

Effects of Inlet Gas Densities

Effects of /DI//DBAO

Photographs showing the effects of density ratio Pr /'DBAO on the containment of
inner-jet gas for rp /r0 = 0.5 are shown in Fig. 28. These tests were for velocity
ratios Vgpo/Vr = 20 and VB/VBAO = 0.41, with air as the buffer-stream and outer-
stream gas. The photograph with air as the inner=-jet gas shows recirculation
extending to the inlet plane. The test with Freon-11 as the inner-jet gas was at
the standard flow condition with recirculation in the chamber just upstream of the
exhaust nozzle. For FC-77 as the inner-jet ges, there was no recirculation in the
chamber and the inner-jet core extended nearly to the exhaust nozzle. These flow
patterns are similar to the flow patterns sketched in Fig. 10. Note thet with FC-T7
as the inner-jet gas, the inner-jet gas does not flare out downstream of the inlet
as occurred with air and Freon-11 as the inner-jet gases.
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The effects of density ratio p /PBA on PI /P are shown in Fig. 29 for air and
FC-T77 as the inner-jet gases. The Eistri ution for Freon-11 as the inner~jet gas
may be obtained from Fig. 22b. Note that for air as the inner-jet gas (Fig. 29a),
the highest partial pressures occurred at intermediate radii, r/ry =0.5. This
cusped shape again indicates the presence of the recirculation cells observed in
the photographs (Fig. 28). For FC-77 as the inner-jet gas, the highest partial
pressures occurred near r = O, The effect of A /P o, o8 the axial distribution of
Pf /P is shown in Fig. 30. The axial variation of I%e / P is approximately the same
for Freon-l1ll and FC-77 as the inner-jet gases except &t z = 6.75 in. where the flow
with Freon-11 bhas recirculation. For air as the inner-jet gas, PI*/P was less than
0.25 at all values of z , and at z = 6.75 in. was approximately the same as with
Freon-1l as the inner-jet gas. The effect of density ratio Pr /IDBAO on I_D;: /P is
shown in Fig. 31. Data were obtained from Figs. 29 and 30 for Va/Veao = 0.41 and
from tests at other ra.tii)s of Vg/Vgao With the same geometrical configuration. For
all values of Vg/Vgag, Br /P for FC-77 as the inner-jet gas is greater than for air
and Freon-l1l. The effect of &/,voon the maximum value of F:’I/P obtainable is shown
in Fig. 32 for a range of veloci%y ratios, Vgag/Vr , with air, Freon-11 and FC-77
as the inner-jet gases. For( P—I/ P.) max > 0.2, a large decrease in the velocity ratio

Vano/ V1 1s required in order to obtain a moderate increase in (P /P)MAX .

The effect of p./pp,, OB (_F’I—/P)MAX for rp/ry, = 0.7 is summarized in Fig. 33.
All of the data for Freon-ll and FC-77 as inner-jet gases with Vgag = 80 ft/sec
were obtained for flow conditions in which recirculation occurred. For air as inner-
jet gas, ('al/p )MAX = 0.44 was obtained at vmo/vI = L4.8; thig, is 90 percent of the
value for a cylinder of inner-jet gas having a volume of mrele - The trends for
the tests with rp/ry = 0.7 were similar to those shown in Fig. 32 for rI/rO = 0.5.

Effects of Vo/Vi, Vg/Vo 8ndPg/fo

The effects of the velocity ratios Vp/Vy and Vg/Voon Pp/P with Freon-1ll as the
buffer and inner-jet gas are shown in Fig. 34. For V,/V: = 18, the velocity ratio
Vg/Vohas an appreciable effect; recirculation occurred for Vz/V, = 0.49 and did
not occur for Vg/Vy = 0.21. For Vo/Vy = 32 and 48, the effect of Vg/Vy is less.

The effects of inner-jet gas density ratio 'OI/pO on FI/P with Freon-l1l as the
buffer gas are shown in Fig. 35. For these tests, the velocity ratio VO/VI was held
approximately constant and the inner-jet gas was varied. The maximum values of
EI/F’ obtained from tests with air and Freon-1l as the buffer gases are compared
in Fig. 36. The comparison was made for the variation of (F’I/P)MAX with Qg / Qg;
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Qar = Qg for the tests with Freon-1l as the buffer-stream gas and Qur = Qgag
for tests with air as the buffer-stream gas. For all tests with the same inner-jet
gas, (5I/P)MAX at a given Qur/Q; is no greater with Freon-11 as the buffer-stream
gas than it is with air as the buffer-stream gas. The important conclusion from
these tests is that the use of Freon-ll instead of air as the buffer-stream gas
does not increase (Pp/Plyax -

The effects of Vgy/Vr and Vg/Vgon Pr/P werg approximately the same for tests
with rp /rg = 0.7 as for tests with /g = 0.5. A comparison of the meximum values
of ISI /P obtained with air and Freon-11l as the buffer gases is shown in Fig. 37.

Like the results from tests with ry /ry = 0.5, the values of EI /P obtained for the
same value of QuRr/Qr are approximately the same for air and Freon-1ll as the buffer-
stream gas., Any improvement in 751/ P with increased buffer gas density at the same
velocity ratio V,/Vy was off-set by the decrease in airflow inlet area and, hence,

in volume flow ratio, Q,g/Qr-

Effects of Chamber Length and Exhaust Geometry

Effects of Ly/D

Photographs showing the effects of chamber Lyg/D on the containment of inner-
Jet gas at the maximum values of Vgpg/ Vr for which recirculation could be prevented
by the proper choice buffer velocity are presented in Fig. 38. The two inner-jet
gases used in these tests were Freon-ll and air. For Ly/D = 0.75, the maximum
values of Vgpay/'Vr which could be obtained without recirculation were 29.5 for
Freon-11 and. 13 for air. TFor Lyn/D = 1.25, the maximum values of Vgay/Vy were 1l4.hL
and 6.5, respectively. These and additional results for the flow conditions of

Fig. 38 are shown in Fig. 39. The optimum velocity ratio Vg/\Veao required to
prevent recirculation was independent of lnner-jet gas and was dependent upon
chamber /0. The momentum flux ratios ppay/ VSAO/ Pr VI2 obtained for a given

geometry were approximately the same for air and Freon-ll as inner-jet gases. This
result is in agreement with the data in Fig. 32 for the effect of density ratio

on the maximum value of EI /P . The momentum flux ratios are approximately the same
for P;/P = 0.2 which was a typical Py/P for the flow conditions where recirculation
began to occur. The variation of the maximum values of Py /P with Vaao/Vr obtained
for Ly /D =1.00 and 1.25 for inner-jet gases of air and Freon-1l1 and for ry/ry =
0.5 are shown in Fig. 40. The values of (P[ /P)y, for Ln/D = 1.25 are less than
those obtained for Ly /D = 1.00 because, as shown in the previous figure, recircule-
tion occurs at lower velocity ratios, Vgao /¥ -



Effects of Dy /D

High-speed motion pictures of flow with the two-in. exhaust nozzle throat dia-
meter, Dy /D = 0.2, without recirculation in the chamber indicated that the general
flow structure was approximately the same as obtained in tests with Dy /D = 0.6.
However, results from tests with recirculation in the chamber showed differences in
the average and local distributions of the inner-jet gas partial pressure. The
effect of Dy/D on R/Pis shown in Fig. 41 for ry/ry = 0.7. Although recirculation
occurs for both Dy/D = 0.2 and 0.6, the cusped distribution of P;/P begins to occur
at Z = 2.25 in. for Dy/D = 0.2 and at 5.25 in. for Dy/D = 0.6. The effects of
exhaust nozzle diameter and VB/VBAO on ?5;'[/ P are shown in Fig. 42 for the same
velocity ratio, Vgao/Vr , as in Fig. bl. For Vgao/Ny = 19.8,P; /P was 30 percent
less for tests with Dy/D= 0.2 than with Dy /D = 0.6. The effect of Dy /D on the
maximum values of P /P obtainable for several values of Vgpg/Vy &re shown in Fig.
L43. The largest difference between test results with the two exhaust nozzles was
obtained for VBAO/VI = 20 (see also Figs. 41 and 42). There was no effect on the
containment characteristics for Vgag/ Vr = 15 where recirculation does not occur
and the results for Dy/D = 0.2 approach those for Dy /D = 0.6 at vg,o/ V= 36.
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SUMMARY OF CONTAINMENT CHARACTERISTICS

Flow Patterns

Sketches of the three typical flow patterns observed are shown in Fig. 44 (typical
for Vgpo/Vy =18, r/ rg=0.5 and Ly/D=1). The inner-jet gas and the level of
buffer-stream velocity ratio, Vg/ Vgag » for which the flow pattern occurs are noted
above each of the three sketches. In Fig. Llha, where the recirculation zone is
directly behind the inlet plane, values of the average inner-jet gas partial pres-
sure ratio, 51 / P, obtained from light absorption measurements were less than 0.10.

In Fig. Wib, where the recirculation zone occurs upstream of the exhaust nozzle
but does not extend up to the inlet manifold, the values of l31 / P ranged from
approximately 0.10 to 0.20. 1In Fig. Llc, where the core of the inner-gas jet
extends nearly to the exhaust nozzle, the values ofPI/ P were above 0.20.

Containment Date

Data from Figs. 32 and 33 for r; / ry = 0.5 and 0.7 are summarized in Figs. 45,
46 and 47. The effects of the volume flow rate ratio Qgyy/ Q; on the maximum values
of I_DI/ P obtained in the tests at each value of Qg,y/Qare shown in Fig. 45 for each
combination of inlet geometry and inner-jet gas. For all three inner-jet gases and
for values of (F‘I/ Plmax < 0.2, a greater value of Qgpg/Q; was obtained for tests with
rn/ fo = 0.5 than for ry s r, =0.7. For values of (PI/ Plmax > ©-2, this trend with
n/ % is reversed. Also, for a given combination of inlet geometry and volume flow
rate ratio Qgpg / Qp, increasing the density of the inner-jet gas increased the value
of (51 / Pluax The effect of weight flow rate ratio, Wg,g / WI’ on (R / Pyyax at
each value of Wgay / W) is summarized in Fig. 46 for each combination of inlet
geometry and inner-jet gas. Note that for a given Wgpg/W; and inlet geometry,
increasing the inner-jet gas density decreased the value of (I51/ Pluax -+ The effect
of Wgpo/ W on the maximum value of p/ ps,, @t each value of Wgyo/W; is summarized
in Fig. 47 for each combination of inlet geometry and inner-jet gas. For a given
inlet geometry and Wgpo/W;, increasing the inner-jet gas density increased (A / Pang) max”

The information provided in Figs. 45 through 47 allows the containment character-
istics for different density gases and geometric configurations to be compared. In
this form, the data should also be useful for comparisons of the performance of
coaxial-flow gaseous-core nuclear rocket engines with the performance of other
open-cycle engine concepts.
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LIST OF SYMBOLS
Diameter of coaxial-flow chamber, in. or ft
Diameter of exhaust nozzle, in. or ft

Intensity of light beam after passing through an absorbing media of
thickness X, candles

Intensity of incident light beam, candles

Length in chamber, in. or ft

Iength of chamber from inlet plane to beginning of nozzle, in. or ft

Iength of chamber from inlet plane to nozzle throat, in. or ft

Total pressure, 1b/ft° or atm

Local partial pressure of inner-jet gas, lb/ft2

Area-average of inner-jet gas partial pressure, PI* -} 2./(;'0'31 rdr / ro2 , ]_b/ft2

Average partial pressure of inner-jet gas, -P_I z ZchfrOPI r dr dz /ro2 Les lb/ft2
[¢] (]

Maximum average partial pressure ratio of inner-jet gas

Wall pressure at inlet, 1b/ft<

Air volume flow rate used for comparison of tests with air or Freon-11
2
as buffer-stream gas, ft2/sec

Outer-stream and buffer-stream air volume flow rate, fb3/sec
Inner-jet gas volume flow rate, ft3/sec
Outer-stream volume flow rate, f‘t.3/sec

Outer-stream and buffer-stream Reynolds number, Reg, 8 2Vgyo(fo = T{)Pgag / H>
dimensionless

Inner-jet Reynolds number, Re; = 2Vi 1 /p, dimensionless

Local radius from center of chamber, in. or ft
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Te

Ps

Peao

Pr

LIST OF SYMBOLS (Continued)
Buffer-stream radius at inlet, in. or ft
Inner~jet radius at inlet, in. or ft
Peripheral-wall radius, in. or ft
Temperature, deg R (except as noted)
Local velocity, ft/sec
Inlet velocity of buffer stream, ft/sec

Average inlet veloc%ty of combined outer stream and buffer stream,
- 2
Vaao = Wano/Peao T (T —T1°) » ft/sec

Inlet velocity of inner jet, ft/sec
Inlet velocity of outer stream, ft/sec

Combined weight flow rate of outer~stream and buffer-stream gases,
1b/sec

Weight flow rate of inner-jet gas, 1lb/sec
Thickness of absorbing media, ft (Appendix)
Perpendicular distance from & chord to the centerline of the chamber, ft
Axial distance downstream from inlet plane, in. or ft
L ffo 2
Containment parameter, 7. = Ef f (R/P)yrdr dz /L
0 0
Wave length of light used for light absorbtion measurement, A
Buffer-stream gas density at inlet, 1b/ft3

Average density of combined outer-stream and buffer-stream gases at
inlet, Paro = (Pg+ Po)/2 1b/ft3

Inner-jet ges density at inlet, 1b/ft3
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LIST OF SYMBOLS (Continued)

PL, Density of iodine vapor, 1b/ft3
Po Outer-stream gas density at inlet, 1b/ft3
P * Effective density of iodine vapor absorbing light, o * =z P (l —9_553/T),
2 lb/ft3 2 2
Le oo 2
Pr Average density of inmer-jet gas contained in chamber, p = Zf f prardz/be
1b/£t3 o ‘%

(ﬁl/pBAo)MAxMaximwn average density ratio of inner=-jet gas
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APPENDIX

THEORY OF CHORDAL ABSORPTOMETER

This theoretical analysis illustrating the principle of the chordal absorptometer
is adapted for the present report from Ref, 21,

The radial distribution of the density of one component of a two-component gas
mixture in an axisymmetric flow field can be determined by measuring the light
absorbed by this component along several chords. The wavelength of light to be
absorbed must be chosen so that absorption will occur only by the component of
Interest. This light absorption technique permits measurements to be made without
inserting a probe into the chamber; hence, there is no disturbance to the flow
field. The principle of operation is illustrated in Sketeh 1.

ENTERING LIGHT
BEAM OF
INTENSITY [j— : —1

IODINE GAS
ANNULUS

Sketch 1

The relationship for light absorbed by the iodine in the distance dx is
dLN) = -1\ @) pf dx (A-1)
2

where I (\)is the spectral intensity of light entering the volume, dI(X)is the
amount of light absorbed, a (\) is the spectral absorption coefficient, and F&; is
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the effective density of gas absorbing light at wavelength A . The local iodine
density l°12 is related approximately to the effective density of lodine PI; by the
equation

iy = prg (1= 777) (a-2)

where T is in deg R. The absgrption coefficient a( \)was measured using an inter-
ference_filter with A\ = 5250 A and a half-width of 50 A, and was found to be

5170 ft /lb. Therefore, the light transmitted through a chord of length 2x can be
determined by the following equation:

-553/T X
In(1/1) = —2an) (- )fplza’x (a-3)
o]

where p_1is a function of x,and I and I, are understood for this discussion to be
spectraf light intensities. By reference to Sketch 1, it may be seen that the
semi-chordlength, x , can be expressed as x = -f2-y2 . Thus,

rar
ax = —— (A-4)
r-y

Combining Egs. (A-3) and (A-L4) yields

"
- rplrydr
(1 = 75%3/T) P,

> 2
y roy

In (1719 = -2 a(X) (A-5)

For simplification, let

K=2a (1 - e 7%%3/T) (A-6)

To find the density distribution, pIZ(r) , 1t 1s necessary to invert the integral
equation, Eq. (A-5). If both sides of Eq. (A-5) are multiplied by y'dy y2- u?
and integrated from u to r, (u is a dummy variable), then, by changing the order
of integration, Eq. (A-5) becomes

f y In(1/1,) dy

n r
-——2—2—- = —-K rplér)dr f 5 zydy > 5 (A-7)
u y ~u u u »\/y -u ‘\ﬁ -y
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The second integral on the right of Eq. (A-7) has a value of 7/2. Therefore,
Eq. (A-7) becomes

"y In(1/1y dy

DM

"
-5 K rpfn ar
12— 2 2 (a-8)

u u

Differentiating Eq. (A-8) with respect to u , letting p(r, )= 0, and replacing u
by r yields 2

s g [Myints1)dy
Pi" K ar [2_ 2 (A-9)
r y °r

Integration of Eq. (A-9) by parts, again using pr(r) = O, and substitution for K
gives 2
T,
| | , "d/ay[in(1/1)]ay
PIZII’) = =

T u-e'553/T aii) r /yz_rz (A-10)

Thus, from the chordal measurements of light transmission, the radial density
distribution of iodine can be calculated from Eq. (A-10). However, since the
measured values of I/IO normally cannot be readily described analytically, Eq.
(A-10) must be integrated numerically. The numerical integration technique
employed herein is given in Refs. 19 and 20 and consists of dividing the integral
in Eq. (A-10) into N subintegrals and assuming that m(L/Io)is linear throughout
each subintegral. By integrating the subintegrals and summing the coefficients,
the following equation results (see Ref. 19):

2N | | In(I/Io)|y:yk N (n+ 12 - k2
P = - == + P T e—
L2ary Ty \ | _o553/T ) aln) /2K+1 o 2n + |
(A-11)
. «/(n—l)2 - k2 3 4n«/n2—k2 I (1/1)
2n -1 4n2_| 0 ly=Yn
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Table I
SUMMARY OF GEOMETRIC CONFIGURATIONS INVESTIGATED

See Fig. 2 for Schematic of Coaxial~Flow Test Apparatus

a. Inlet Manifold

Designation 1, in. ‘B, in. Yo, in. 1/ Yo
11/ o= 0.5 2.5 3.25 5.0 0.50
n/ o= 0.6 3.0 3.63 5.0 0.60
1/ Yo= 0.7 3.5 L.o0 5.0 Q.70
b. Chambers
Designation Ln, in. Lc, in. Ly/7 D Le/ D
Ly/ D= 0.75 7.5 5.0 0.75 0.50
Ly/ D= 1.00 10.0 7.5 1.00 0.75
Ly/ D= 1.25 12.5 10.0 1.25 1.00
c. Nozzles

Designation DN; in. Dy/ D

Dy/ D= 0.2 2.0 0.2

Dy/ D= 0.4 4.0 0.4

Dy/ D= 0.6 6.0 0.6

31



2¢

Table IT1

SUMMARY OF FLOW CONDITIONS INVESTIGATED

Outer-stream gas ~ air for all tests

Velocities listed are approximate

N . i 1
Geometric Configuration Gases VBao [|Primery |Secondaryl Visuﬁ?z’ation, Cgrelggﬁﬁ'a%ion ﬁgg%%%ﬂa%%on
fer- - . Measurements asurements
i /'o B /ro Dy, /D Ln /0 g’}éf.e:; 1512%1« ft/sec Varigble| Variable See Figure See Figure e igure »
0.5 0.65 0.6 1.00 Alr Freon-11 80 VB/ Vaao - 1k 15,16 17
0,6 |0.725 - See Text - -
0.7 (0.8 ] - 18 19 20
0.5 0.65 Veao/ V1| Va/Vsao 21 22,23 2k 25
0.7 0.80 \ (] ] See Text See Text 25
0.5 0.65 Lo,
80, | Vgao | V8/Veno, 26,27
15k, Veao/ Vi
205
0.7 0.80 Lo, 27
{ 80 r ! '
0.5 0.65 Air, Inner-
Freon-11,| -  [§eE.G%5 28 29,30 31,32
FC-7 P1/Pgao
0.7 0.80 | | - \ See Text See Text 33
0.5 0.65 Freon-11 | Freon-11 - Vg/ Vo Vo /V1 34,36
0.5 0.65 Air, Imner- |y /v
8/ Yo
Freon-11,{ - %g?lsg%; Vo /Vg 35,36
Ji FO-T7 Pr/Bo r
0.7 0.80 ] - ] ! \ See Text 37
0.5 0.65 0.75,| Alr Freon-11 80 Ve / Vo,
1.00, l Ly/D VB/ B’\‘lo 38 39,40
V‘ 1.25 sao / VI ]
0.7 | 0.80 0.2 | 1.00 ' ‘ 57 Dy/D ’ See Text 5] 2,h3
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SKETCH OF COAXIAL-FLOW

GASEOUS-CORE NUCLEAR REACTOR

NOZZLE

COAXIAL-FLOW REGION

L "91d



FIG. 2

SCHEMATIC OF COAXIAL-FLOW TEST APPARATUS

SEE TABLE I FOR SUMMARY OF GECOMETRIC CONFIGURATIONS TESTED
CHAMBER DIAMETER, D = 25, = 10 IN. FOR ALL TESTS

INNER-JET INLET
(SIMULATED-FUEL, AIR, FREON-11,0R FC-77) ——\I

2 BUFFER-STREAM
—~— INLET

OUTER-STREAM INLET — 4 E]ouTer-sTREAM
(SIMULATED-PROPELLANT, AIR) | Peenw B e maniFoo

POROUS PLATE

FLOW STRAIGHTENERS
POROUS PLATE

SCREEN (CHAMBER
INJECTION PLANE)

LIGHT ABSORPTION

CHORDAL TRAVERSE
STATIONS (= =0.75, 2.25, 3.75,

5.25, 6.75 AND 8.25 IN.)

r—-— CHAMBER

)

SPACER FOR
VARIABLE L, /D

EXHAUST NOZZLE
DIAMETER , D

\

TO EXHAUST

3k



INLET MANIFOLD

CHAMBER DIAMETER, D = 2rg = 10 IN.

SEE TABLE I FOR OTHER DIMENSIONS

a) TOP VIEW
1
s
INNER-JET
PLENUM o

BUFFER-STREAM
PLENUM

OUTER-STREAM __—3

PLENUM

b) BOTTOM VIEW

INNER-JET
PLENUM

‘BUFFER-STREAM
PLENUM:

OUTER-STREAM
PLENUM

35
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CHAMBERS

LUCITE CHAMBER USED FOR FLOW - VISUALIZATION PHOTOGRAPHY
STEEL CHAMBER USED FOR CONTAINMENT MEASUREMENTS

@) LUCITE CHAMBER WITH INLET MANIFOLD
AND EXHAUST NOZZLE

SEE TABLE I FOR DIMENSIONS

b} STEEL CHAMBER WITH TRANSMISSION SECTOR
AND PICKUP INSERT

INLET SLOTS (6) FOR HOLES (6) FOR
MANIFOLD TRANSMISSION PICKUP INSERTS
SECTORS
CHAMBER
EXHAUST
NOZZLE . TRANSMISSION
SECTOR

ADAPTER FOR
FIBER OPTIC

\. 0.002- IN.-THICK

GLASS STRIP
COVERING HOLES

INSERT TO HOLD
FIBER OPTIC PICKUP

1A E |



PHOTOGRAPH OF COAXIAL-FLOW FACILITY SHOWING FLOW SYSTEM

NOZZLE FOR MEASURING BUFFER-STREAM AND OUTER-STREAM AIR FLOW RATE

AND HEAT EXCHANGERS NOT SHOWN IN PHOTOGRAPH

INNER-JET
SUPPLY LINE

BUFFER-STREAM

SUPPLY LINE )
OUTER-STREAM

SUPPLY LINE

PLENUMS

INJECTION
MANIFOLD

CHAMBER
EXHAUST NOZZLE

EXHAUST
LINE

FLOWMETERS FOR’
INNER - JET GAS

FLOWMETERS FOR
BUFFER STREAM
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LOCAL AXIAL VELOCITY, Vz- FT/SEC

100

80

60

40

20

Vi = 6.7 FT/SEC, Vg = 70 FT/SEC, Vo = 66 FT/SEC (BASED ON NOMINAL INLET DIMENSIONS)

VELOCITY CALCULATED USING LOCAL TOTAL PRESSURE AND WALL STATIC PRESSURE

TYPICAL INLET VELOCITY PROFILES

n/rg = 0.5

Ln/D =125 Dn/D = 0.6

INNER, BUFFER AND OUTER GASES - AIR, AIRAIR; p]‘,/pBAO =\0

a)z = 3/8 IN. bz =2 3/8IN. b) CONTINUED
SYMBOL | o o 5 a SYMBOL | o o o El x v D a SYMBOL | o =] [ A
[} 22.5| 112.5(202.5292. 5 [ 22.5[67.5|112.5({157.5(202.5247.5292.5337.5 6 o] 180 | 1.2 [191.2
[*]
8 “ 0 o
& a o =]
o [e] a po
A % © o o D
LAY v
. dales | Déo eg ggv Aﬂ'ﬁgeg g Bao
a [NaPN R o a Egga g 88 °l o CAJ . g
LIPS ° 0,9 X 0 B 8 ° A
Y x
fol Y] a
T
| D&
o]
| 5 °
o I
a I . !
| | , . x | | '
| | L5 E 0
' : o8 ‘ r
! o a
° | 00 | °
4 v‘ '
i | . !
[ ' j .
2 3 4 5 2 3 4 5 1 2 3
RADIUS, r - IN, RADIUS, r - IN, RADIUS, r - IN.

9 "ol



SCHEMATIC OF OPTICAL SYSTEM FOR FLOW VISUALIZATION PHOTOGRAPHY

TOP VIEW

7— QUARTZ -1ODINE LAMPS

/— FROSTED GLASS

—

FROSTED GLASS

/OR OPAL GLASS

CROSS-SECTION
OF CHAMBER
(FLOW INTO THE PAGE)

4
N /— CAMERA

39

FIG. 7



SCHEMATIC OF CHORDAL LIGHT ABSORPTION SYSTEM

TO PHOTOMULT!IPLIER TUBE SEE DETAIL A"
FIBER OPTIC HOLDER

—
CHOPPER WHEEL

£

A FIBER OPTICS

/////////////l'//////////

4
I

COLLIMATING LENS

TUNGSTEN
RIBBON
LAMP

D

FIBER OPTIC
(RECEIVER)

10-IN. ID ==

CHAMBER DETAIL “"A’" (HALF SIZE)

FOCUSING LENS

NEUTRAL DENSITY FILTER
FIBER OPTIC

CHAMBER WALL

0.002-IN. — THICK
GLASS STRIP

8 "old



PHOTOGRAPH OF CHORDAL ABSORPTOMETER

FIBER OPTICS (AMERICAN
OPTICAL TYPE LGM-3)

CO AXJAL -FLOW CHAMBER CHOPPER WHEEL

PHOTOMULTIPLIER
TUBE (6655A)

COLLIMATING LENSES
AND LENS HOLDERS

™

-TUNGSTEN
RIBBON LAMP

INTERFERENCE FILTER(5250 A
WITH 50 A HALF-WIDTH)

- 6914
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SKETCHES OF FLOW PATTERNS IN COAXIAL - FLOW JETS

a) RECIRCULATION ZONE DIRECTLY b) RECIRCULATION ZONE FORMS ¢) TURBULENT MIXING BETWEEN STREAMS
BEHIND INLET (HIGH Vg A0 /VI) DOWNSTREAM OF INLET WITHOUT RECIRCULATION ZONE
(INTERMEDIATE Vg Ao /V1) (LOW Vg a0 /Y1, BUT GREATER THAN ONE)
HIGHEST CONCENTRATION OF HIGHEST CONCENTRATION OF HIGHEST CONCENTRATION OF
INNER-JET GAS INNER=-JET GAS INNER-JET GAS

VBao

\- PLANE
OF INLET

MANIFOLD

ot "Old




WALL OR CENTERLINE STATIC PRESSURE, P -pReF - LB/FT?2

EFFECT OF VELOCITY RATIO Vg,q/V; ON AXIAL DISTRIBUTIONS
OF WALL AND CENTERLINE PRESSURES

Vi YARIED; Vg, V5 AND Vg , o HELD CONSTANT

|
N

|
[N

-6

n/trg=0.5

Ly/D=1.0 D,/D=0.6

INNER,BUFFER AND OUTER GASES — AIR, AIR, AIR; Py /Py pp =1.0

VB= 33 FT/SEC, V0= 97 FT/SEC, V,

BAOD

= 80 FT/SEC; A /v,

BAD = 0.41

PREF IS WALL PRESSURE AT INLET.ppe = 1555 LB/ FT2

SYMBOL VA0 /Y1 Vg /V1
o e 40.0 16.4
0 | 20.1 8.44
A A 9.5 3.99
o ¢ 4.8 2.06
} WALL PRESSURES
P-Prer FOR ALL TESTS SAME| _#
AS @ EXCEPT WHERE SHOWN
¢
S 2
N\
[ S S S— f— NN
‘
\
CENTERLINE
\ PRESSURES
1] 2 4 [ 8 10

DISTANCE FROM INLET PLANE, z-IN.

b3

FIG. 11



HIGH -SPEED MOTION PICTURE FRAMES SHOWING FLUCTUATIONS IN FLOW

Vg AND V) VARIED; Y, AND V,,  HELD CONSTANT

r/r, =0.5 Ly/D=125 Dy/D=0.6

INNER, BUFFER AND OUTER GASES- FREON - 11, AIR, AIR; A /Pp, 0 = 4.7
Vgago =87 FT/SEC, V[ = 4.5 FT/SEC; Vg, /¥ =19.5

a) HIGH BUFFER VELOCITY b) MODERATE BUFFER VELOCITY
(Vg/Vgao = 0.89 (Vg /Vgaq = 0.45)

t = 0.000 SEC

0.003 SEC

0.006 SEC

L

FIG. 12




PHOTOGRAPHS OF OSCILLOSCOPE TRACES SHOWING TIME VARIATION
OF LIGHT TRANSMITTED THROUGH CHAMBER

n/fg=05 Ly/D =10 Dy/D=0.6
INNER, BUFFER AND OUTER GASES - FREON-11, AIR, AIR; P, /Pg,q = 4.7

VBA = B0 FT/SEC, = 97 FT/SEC, V -= 33 FT/SEC, V = 4 FT/SEC; VBAO /V =20

TRACES SHOW PHOTOMULTIPLIER OUTPUT (SEE FIG. 8) FOR TWO DIFFERENT CHORDS AT z =3.75 IN.
a) CHORD HAVING MINIMUM RADIUS RATIO OF LIGHT PATH OF r/ry = 0.566

IO’ LIGHT TRANSMITTED WITHOUT

IOPDINE IN INNER-JET GAS

I, LIGHT TRANSMITTED
WITH IODINE

ZERO LIGHT LEVEL

b) CHORD HAVING MINIMUM RADIUS RATIO OF LIGHT PATH OF r/rg = 0.400

IO’ LIGHT TRANSMITTED WITHOUT
{ODINE IN INNER-JET GAS

I, LIGHT TRANSMITTED
WITH 1ODINE

ZERO LIGHT LEVEL————3
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FIG. 14
PHOTOGRAPHS SHOWING EFFECTS OF VELOCITY RATIO Vg /Vg,q

ON CONTAINMENT OF INNER-JET GAS FOR rI/r°=0.5

VB AND VO VARIED; Y,

B AO AND Vi HELD CONSTANT

LN/D=I.0 DN/D=0.6

INNER, BUFFER AND OUTER GASES - FREON-11, AIR, AIR; R /pBAO = 4.7

VBAO”'\" 80 FT/SEC, Vl"&'d FT/SEC; VB a0 /V.I =20

IODINE CONCENTRATION IN INNER-JET GAS AT INLET SAME IN ALL PHOTOGRAPHS

Ve /Vgao =0

Ve/Vgao = 0.62 Vs /Vg oo = 1.04
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PARTIAL PRESSURE OF INNER-JET GAS

b
P

TOTAL PRESSURE

1.2

1.0

o
®

o
o

o
>

0.2

EFFECT OF VELOCITY RATIO V5 /Vza0ON RADIAL DISTRIBUTION
OF INNER-JET GAS PARTIAL PRESSURE FOR r;/rq = 0.5

Ve AND Vo VARIED; VBAQ AND Vi HELD CONSTANT

RADIUS RATIO, r/r,

Ln/D = 10 DN/D = 0.6
INNER, BUFFER AND OUTER GASES - FREON-II, AIR, AIR; /P BAO= 4.7
CASE | VI- | VB- | Vo- | Veao - ;
F/sec | FI/sec | F1/sec | FT/sec | YBAO/VI| VB/VI | Vo/Vi [VB/VBAO
258 | 3.85 78.3 80.7 78.9 20.5 203 | 210 0.99
259 | 3.96 48.0 911 79.8 20.1 121 | 230 0.60
AXIAL STATION, z - IN.|0.75]2.25]3.75] 5.25] 6.75
SYMBOL o) A lu] 0 D
L o00l i T 1.2 I
a) Vg/Vgag = 099! \ | b) Vg/Vpapo = 0-60
i ] n-—lﬂ- _/)\Q\.(
r 1 1.0
W B
< ‘
| P I -
+ ‘ = 0.8
\ IJ_.-IJ /
H o
, \ ! 3 w
| ! | Z ho |
! T8 3 0.6 !
- 1 Ol oo
' t i ; w0
| | o
! o<«
| 2l
T : i ‘&" — 0.4
! Qn
-
<
[
< 02
a. ' D/f \ 1)
Q>
© 0
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6

RADIUS RATIO, r/r,

08

1.0

(CONTINUED)

2
o
-—
o
o

o
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EFFECT OF VELOCITY RATIO V,/Vy . oON RADIAL DISTRIBUTION OF INNER - JET GAS
PARTIAL PRESSURE FOR r; /ro = 0.5

Vg AND Vg VARIED; Vaao AND vi HELD CONSTANT
lN/D = 1.0 DN/D =2 0.6
INNER, BUFFER AND OUTER GASES - FREON-11, AIR, AIR ;

°1/PBa0 = 47

P
P

PARTIAL PRESSURE OF INNER - JET GAS

RADIUS RATIO r/r

CASE V[ - FI/SEC | Vp- FT/SEC | V- FT/SEC (Vp, - FI/SEC| Vgao/V Ve /v Vo/Vi Ve/VBAO
260 3.99 32.6 96.6 80.0 2041 8.2 24.2 0.4
261 3.98 16.3 100.7 79.5 20.0 4.1 25.3 0.21
AXIAL STATION, z - IN.| 0.75] 2.25| 3.75] 5.25 | 6.75
SYMBOL [¢) a =} o D
]2 T T ]2 ‘{
c) VB/VBAO = 0.41 d) VB/VBAO =021
o~|a
1.0 ~ 1.0
<
(U]
o
0.8 - 0.8
o ]
w °)/ & |w
o z |5
2 z |
2 06 w |u 0.6
o O la
" w |
< = 5
) a0
- 04 s - 04
o
-
<
&
0.2 //D’* < 0.2
t ‘\\Y\M
0 - 0
0 0.2 0.4 0.6 0.8 10 0 0.2 0.4 0.6 0.8

RADIUS RATIO, r/r,

1.0

P 2SL "9l4
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L

AREA-AVERAGE OF INNER-JET GAS PARTIAL PRESSURE

EFFECT OF VELOCITY RATIO Vg /Vg,o ON AXIAL DISTRIBUTION OF
AREA -AVERAGE PARTIAL PRESSURE RATIO PI*/P FOR rl/ro=0.5

A\ BAND VO VARIED; VBAO AND VI HELD CONSTANT

VBA0=80 FT/SEC, VO =97 FT/SEC, VB =33 FT/SEC, VI:4 FT/SEC

PI*/P DERIVED FROM DATA IN FIG. 15

* = r 2
P*/P= 2f0°“°1 /Pyrdr /g

 CASE v, ;
CASE SYMBOL BAO VI vB : V[ vB /VB A0
261 |g——-—n 20.2 4 0.21
260 |o0— o 20.1 8.2 0.41
259 |g—-—10 20.1 12.1 0.60
258 [0-----O] 205 20.3 0.99
05 [~ T VTR T
o ) : { . R B
= P T AT o
. B i ! - . ; .
. L R SN IR IO FOOE
0.4 1 sl o KR R
o . 1..__3 S _J_L_ _.'Z: i
“ 1 ! AREA-AVERAGE PARTIAL PRESSURE RATIO i
| .:|: P;* /P OF INNER-JET GAS AT INLET PLANE :{F
N “1"‘ - S Sy B S — .t_
SRR AEEE T _
w A S RS R b i
W03 Fbe et e b
x ST I L . ]
2 .
(¢
77}
[+ 4
a.
-
<
-
o
-

AXIAL DISTANCE FROM INLET, z-IN.
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F1G. 17

EFFECT OF VELOCITY RATIO Vg/Vgao ON AVERAGE PARTIAL PRESSURE
OF INNER-JET GAS IN CHAMBER FOR ry/rg=~0.5

Vg AND V, VARIED; Veao AND V; HELD CONSTANT
FI/P DERIVED FROM DATA IN FIGS. 15 AND 16

L r
FI/;==L_:r_Of Soc S: (/)7) " & &

0.26

0.24

0.22

e

0.20

0.18

0.16

0.14

0.12

0.10

TOTAL PRESSURE

0.08

0.06

AVERAGE PARTIAL PRESSURE OF INNER-JET GAS

0.04

0.02

-1 T ; i N R :
ERREEANRE2 PRI REOON FSLN IR RO SOSI Y O Lok HEE
SE1 ECERS INPE NS 5
AVERAGE PARTIAL PRESSURE OF CYLINDER oo :
OF INNER-JET GAS HAVING RADIUS rg ; R
AND LENGTH LC i
e
NG L ]
o \ HI
, -
N
0 0.2 0.4 0.6 0.8 1.0
BUFFER-STREAM VELOCITY Ve

AVERAGE OUTER-STREAM AND BUFFER-STREAM VELOCITY v

BAO
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PHOTOGRAPHS SHOWING EFFECTS OF VELOCITY RATIO Vg /Vg,.0
ON CONTAINMENT OF INNER-JET GAS FOR r;/rg - 0.7

Vg AND VO VARIED; V, AND VI HELD CONSTANT

BAO

LN/D=I.0 DN/D=0.6

INNER, BUFFER AND OUTER GASES — FREON-11, AIR, AIR; A /pBAO = 4.7

Vsapo= 80 FT/SEC, VI"QM FT/SEC; VBAO/VI =20

IODINE CONCENTRATION IN INNER-JET GAS AT INLET SAME IN ALL PHOTOGRAPHS

Vg /Vgao = 0.24 Va/Vgao = 0.48

Vg /Vgao = 1.18
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Py

PARTIAL PRESSURE OF INNER-JET GAS

TOTAL PRESSURE

EFFECT OF VELOCITY RATIO Vi/ Vgao ON RADIAL DISTRIBUTION
OF INNER - JET GAS PARTIAL PRESSURE FOR r,/r = 0.7

Vg AND Vo VARIED; Vgao AND V| HELD CONSTANT
Ln/D B 1.0 DN/D = 0.6

INNER, BUFFER AND OUTER GASES - FREON-11, AlR, AIR; p{/Pppg = 4.7

CASE Vi - FT/SEC | Vg-FT/SEC | Vo-FI/SEC |vgpao- FT/SEC| Va0 /VI Ve/Vy Vo/ V1 Ve/Veao
148 3.7 52.3 93.6 80.6 22.0 14.3 25.6 0.65
150 4.4 23.8 107.8 86.0 19.6 5.4 24.6 0.28

AXIAL STATION, z - IN.| 0.75 | 2.25| 3.75 | 5.25| 6.75
SYMBOL o | a| o] oo
1.2 [ T l 1.2
a) Vg/Vgpo = 0.65 | b) Vg/Vgao = 0.28
| | SR
1.0 | - ; =7 0
| | | | "
| 1 | ’ <
! : U]
! | i
| 1 o
! | 2 |
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FIG. 20

EFFECT OF VELOCITY RATIO V,/\;,, ON AVERAGE PARTIAL PRESSURE OF INNER-JET
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Veao/Y =1 Vaao/Vi=20

FIG. 21

PHOTOGRAPHS SHOWING EFFECTS OF VELOCITY RATIO Vg,q /V;
ON CONTAINMENT OF INNER-JET GAS FOR f/rg - 0.5

VI VARIED: V , V0 AND VBA HELD CONSTANT

o]
LN/D =1.0 DN/D=0.6
INNER, BUFFER AND OUTER GASES-FREON-11, AIR, AlIR; pl/pBAO = 4.7
VBAO’A'.BO FT/SEC, VBz33 FT/SEC; VB/VBAO = 0.41

JIODINE CONCENTRATION IN INNER-JET GAS AT INLET SAME IN ALL PHOTOGRAPHS

Yeao/Yi=50 Yeao/V1 =90
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PARTIAL PRESSURE OF INNER-JET GAS

EFFECT OF VELOCITY RATIO Vgao/Vi ON RADIAL DISTRIBUTION OF INNER - JET GAS
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EFFECT OF VELOCITY RATIO V5, /V| ON RADIAL DISTRIBUTION OF INNER - JET GAS

PARTIAL PRESSURE FOR r,/ro = 0.5

VARIED; VB’ Vo AND Vpa o HELD CONSTANT

PARTIAL PRESSURE OF INNER - JET GAS'_EI

Ly/D =10 DN/D = 0.6

P

TOTAL PRESSURE

CASE VI-FT/SEC V g -FT/SEC Vo -FT/SEC Vgao-FT/SEC Veao/Vi Vg/V; Vo AR Vg /VNapo
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AREA-AVERAGE OF INNER-JET GAS PARTIAL PRESSURE

EFFECT OF VELOCITY RATIO Vgaq /Vp ON AXIAL DISTRIBUTION OF
AREA-AVERAGE PARTIAL PRESSURE RATIO P*/P FOR g/rj - 0.5
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FIG. 24
EFFECT OF VELOCITY RATIO BAO/VI ON AVERAGE PARTIAL PRESSURE

OF INNER-JET GAS IN CHAMBER FOR &/r0=0.5

P./P DERIVED FROM DATA IN FIGS. 22 AND 23 AND OTHER TESTS OF SAME GEOMETRIC CONFIGURATION
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-F1G. 26

EFFECT OF ABSOLUTE VALUES OF VBAO AND VI ON AVERAGE PARTIAL PRESSURE
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FIG. 28

PHOTOGRAPHS SHOWING EFFECTS OF DENSITY RATIO A /goo ON CONTAINMENT OF
INNER-JET GAS FOR ry/rg 0.5

A, VARIED; Py, ) AND Q- HELD CONSTANT
Ly/D=10 D\/D=06
BUFFER AND OUTER GAS - AIR
Vgao= 80 FT/SEC, Vo= 97 FT/SEC Vu = 33 FT/SEC, VY =4 FT/SEC

Vaao /V1 =20, Vg/Vgaq = 0.41
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/ = —
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AYERAGE PARTIAL PRESSURE OF INNER-JET GAS

EFFECT OF DENSITY RATIOPy/A,0 ON AVERAGE PARTIAL PRESSURE
OF INNER-JET GAS IN CHAMBER FOR rp/r5-0.5
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FIG. 32
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EFFECT OF DENSITY RATIO # /e ON MAXIMUM VALUES OF I3I/P FOR rI/r0=0.5
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FIG. 33

EFFECT OF DENSITY RATIO P[/Pgaq ON MAXIMUM VALUES OF I31/P FOR ry/rq = 0.7
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FIG. 34

EFFECT OF VELOCITY RATIOS Vp/V; AND Vg/Vy ON AVERAGE PARTIAL PRESSURE

OF INNER-JET GAS IN CHAMBER WITH FREON-11 AS BUFFER GAS

rI/ro = 0.5
VI AND VB VARIED; V0 HELD CONSTANT

=0.6

LN/D='I.0 DN/D
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FIG. 35
EFFECT OF DENSITY RATIO p,/p, ON AVERAGE PARTIAL PRESSURE OF INNER-JET

GAS IN CHAMBER WITH FREON-11 AS BUFFER GAS

Vg AND pp VARIED: Vi, Vg, Pg AND Pg HELD CONSTANT

fl/l'o= 0.5 LN/D= 1.0 DN/D=0.6
OUTER GAS - AIR; Pa/Pp = 4.7

VY = 57 FT/SEC, 1.7 FT/SEC; =
o 57 FT/SEC VI 1 VO/VI ;3

© SYMBOL INNER-JET GAS Q. Q. P /Py
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TOTAL PRESSURE

MAXIMUM AVERAGE PARTIAL PRESSURE OF INNER-JET GAS

'COMPARISON OF MAXIMUM VALUES OF P;/P FOR TESTS WITH AR ' o

AND FREON-11 AS BUFFER GASES AND rt;/rg - 0.5
Ly /D = 1.0 Dy /D = 0.6
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FIG. 37

COMPARISON OF MAXIMUM VALUES OF Py /P FOR TESTS WITH AIR

AND FREON-11 AS BUFFER GASES AND r1/ry-0.7
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PHOTOGRAPHS SHOWING EFFECTS OF CHAMBER LN/D ON CONTAINMENT OF INNER-JET

GAS AT MAXIMUM VALUES OF Vg,q/V; FOR WHICH RECIRCULATION COULD BE
PREVENTED BY PROPER CHOICE OF BUFFER VELOCITY

LN YARIED
rl/ro=0.5 DN /D =0.6
OUTER AND BUFFER GAS - AIR

VBAO ~80 FT/SEC
a) INNER-JET GAS - FREON-11 b) INNER-JET GAS - AIR

LN/D =0.75

LN /D = 1,00

LN/D =1.25
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EFFECT OF CHAMBER LN /D ON MAXIMUM VALUE OF Vgpo/V; FOR WHICH RECIRCULATION

VELOCITY RATIO, Vg, /V,

VELOCITY RATIO, VB /VBAO

COULD BE PREVENTED BY PROPER CHOICE OF BUFFER VELOCITY

LN VARIED
ry/rg =05 DN /D = 0.6
BUFFER AND OUTER GAS - AIR;VBAO ~ 80 FT/ SEC
SYMBOL INNER - JET GAS .0[/PBAO
o——0 AIR 1.0
oH— —0 FREON - 11 4.7
40 :
I
| !
P ;
30 R 'r T
| J
AN ! ‘ 200 — — 1,
\ ’ 1 N_. ‘ |
20 \\4\ T >, \ ‘
~ | Q\ 160 \ !
o ! Ng ¢ \ j
10 T~ —~ > \ |
_ o \ \
\T\F Q: ]20 \‘
0 ' o \
3 \
0.4 | , % 80
o ]
! : | z N
x
o—T— | = \§
02— & o i 2 40
} '! z
i =
o
| g
0 0
0.6 0.8 1.0 1.2 1.4 0.6 0.8 10 1.2 1.4
CHAMBER LENGTH - TO - DIAMETER CHAMBER LENGTH - TO - DIAMETER
RATIO, Ly/D RATIO, L /D

6¢ "'Oid



R

MAXIMUM AVERAGE PARTIAL PRESSURE OF INNER
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= FIG. 40
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PARTIAL PRESSURE OF INNER-JET GAS

|
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TOTAL PRESSURE

EFFECT OF EXHAUST NOZZLE DIAMETER RATIO Dn/D ON RADIAL
DISTRIBUTION OF INNER - JET GAS PARTIAL PRESSURE

Dn VARIED
rl../ro S 0. Ly/0 B 10
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D VI - V- Vo- VBAO-
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FiG. 43

EFFECT OF EXHAUST NOZZLE DIAMETER RATIO D\/D ON MAXIMUM VALUES OF F /P

D\ VARIED
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SKETCHES OF FLOW PATTERNS FOR Vgpg/Vi~ 18

c) TURBULENT MIXING BETWEEN
STREAMS WITHOUT RECIRCULATION

a) RECIRCULATION ZONE
DIRECTLY BEHIND INLET

b) RECIRCULATION ZONE FORMS
DOWNSTREAM OF INLET
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FIG. 45

D/D = 0.6

Veao & 80 FT/SEC

Ly/D=1.0
BUFFER AND OUTER GAS - AIR

ON MAXIMUM VALUES OF Pp/P
DATA OBTAINED FROM FIGS. 32 AND 33

SUMMARY OF EFFECT OF VOLUME FLOW RATE RATIO Qg,0/Q1
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FIG. 46
SUMMARY OF EFFECT OF WEIGHT FLOW RATE RATIO
Wgao/Wp ON MAXIMUM VALUES OF P;/P
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DATA OBTAINED FROM FIGS. 32 AND 33
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FIG. 47

SUMMARY OF EFFECT OF WEIGHT FLOW RATIO
Wgao/W; ON MAXIMUM VALUES OF Py/pgag
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